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ABSTEACT 


The present investigation involved the study of titania 
addition in NiQ -ZnQ and its effect on magnetic propei'ties 

like permeability, loss, saturation magnetization. Real and 
imaginary parts p' and p" of the initial permeability p^ were 
determined on toroidal samples of Ni-Zn ferrite of compositions 

ranging between HiQ^^ZuQ^ ^Fe 20 ^ to .702^^0. 298^4 

using type 260-AP Boonton Q-meter in the frequency range of 

50 Kc/s to 10 mc/s. It had been found that for samples sintered 

at 1250°C for 20 hrs, p' showed a peak at a low percentage of 

TiOg which is 0.5-11^ on weight basis with respect to Ni^ ^ZIiIq rj 

FegO^. For sajmples sintered at 1250°C for 5 hrs, the permeability 

gradually decreased with increasing percentage of TiO^ except at 

5/^, where it showed sudden increase followed by decrease at 10/f> 

Ti02. Saturation magnetization (o) result showed that at Q.5)t 

TiOg, cr decreased and it again increased at 1% TiO^, follov^ed by 

decrease at 2f^ TiOg. At 5% ^^^2^ increased in comparison to 

2/S TiOg sample followed by increase in o at 10^ Ti02. This change 

+2 

in O’ has been explained by considering the contribution of Fe to 
anisotropy constant in tetrahedral and octahedral sites. M-H 
curve of a sample sintered at 1250°C for 20 hrs showed H value 
of 19 oersted for NIq ^ZUq ^FegO^ and o value of 38.14 gauss 
cm^/gm for the same. 



CHAPTER I 


IHTEODUGTIOR 

Magnetic oxides play an important role in the electronics 

industry. The whole field of high fre^luency telecommunication in 

3 11 

the frequency range of 10 to 10 Hz would look very different 
but for the many useful properties of ferrite, Ni-Zn ferrite is one 
among the group of soft ferrites. It is ferrimagnetic oxide with 
spinel structure. General formula of spinel is AB^O^. The unit 
Cell is closed packed cubic array of 32 oxygen ions. There are 
32 octahedral interstitial sites and 64 tetrahedral interstitial 
sites, of these l6 of the octahedral and 8 of the tetrahedral 
sites are filled by cations (Pig. t). In the normal spinel all 
the divalent ions are on tetrahedral A sites and the tri valent 
ions are on the octahedral B sites. In the inverse spinel the 
8 tetrahedral sites are filled with tri valent ions and the 16 
octahedral sites are equally shared between di- and trivalent 
ions. Magnetic feirrites are of inverse type. 

Question may rise regarding the utility of Hi-Zn ferrite. 
Practically magnetic alloys are superior at low frequencies in 
comparison with ferrites with regard to permeability. At 
increasing frequencies eddy-current losses become increasingly 
important causing p.” (imaginary part of initial permeability) to 
rise rapidly for the alloys. Manganese zinc ferrite then becomes 
more useful. Unfortunately Mn-Zn feir*ite owes its relatively high 
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permeability to a very small crystal anisotropy^ , which in turn 
can only be achieved with a large concentration of ferrous ions 
and this renders it a poor insulator in comparison with some other 
ferrites. Thus the eddy current losses, although small, eventual 
become prohibitive at increasing frequencies. Then Fi-Zn ferrites 
of high resistivity are used, 

Fi-Zn ferrite of composition NiQ 5^®2^4 Sives 

maximum (saturation magnetization) and Ni-Zn ferrite of 
composition NiQ^^Zn^^yl’e^O^ gives maximum initial permeability^. 

So from the permeability point of view, second composition is very 
important. 

The magnetic behaviour of a ferrite is determined by its 
composition, exchange interaction, position of ions in different 
sites (A site or B site), anisotropy, microstructure etc. Compo- 
sition will determine the number of magnetic ions per molecule, 
their Bohr magneton and resultant saturation magnetization value. 

The strongest magnetic interaction is an antiparallel 
AB arrangement. In the absence of this interaction a much weaker 
antiparallel AA or BB interaction occurs. A brief review of the 
exchange interactions has been given by Groenour et al . 

There are site preference for different transition metal 
ions. In order to explain the site preference of transition metal 
ions in oxides, two theories have been put forward. 

One has been given by Dunitz and Orgel . They used 
crystal field theory concept which is baaed on purely ionic type 
of bonding. 
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Another theoiy has been given by Blasse^. He used a 

simplified molecular orbital approach, thus taking into account 

the covalent bonding between oxygen and transition metals. Both 

these theories predict tetrahedral site preference for d^, d^ , 

d , d^, d ions. Both approaches also agree that Cr"*"^ should 

have a strong preference for octahedral sites# Ho agreement is 
+2 

found for Hi which shows no preference according to Blasse. 

In HiPe20^, the Be ions are equally divided between A 

and B sites, the magnetic moment of these ions are completely 

cancelled due to negative interaction, and the net magnetic 

moment of Hil'e20^ is due solely to the Hi ions which is equal 

to 2 Bohr magneton. 

+2 

Zn ions have strong preference for tetrahedral sites. 
So in Hi-Zn ferrite, with increasing Zn content, Be ions are 
forced into octahedral position, thereby increasing the net 

4'2 

magnetic moment of the structure. However, the addition of Zn 

ions more than 50 mole % in nickel ferrite reduces the net 

magnetic moment from the peak value as the AB interaction is 

6 

overcome by the BB antiparallel interaction . 

Hext important topic is anisotropy, which strongiy 
controls the magnetic properties of the ferrites. 

Anisotropy energy is by definition that part of the 
crystal energy that depends on the direction of magnetization, 
let the direction be given by its direction cosines with 
respect to the crystal axes. Bor a Oiibic material the energy 
then contains terms such as 
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= K^( a2 a| + a2 + a2 0.2) + a| + ... (1.1 ) 

The anisotropy constants etc. vaiy from one material to 

another and in addition are temperature dependents Chemical 
composition can influence anisotropy. Two factors are important 
regarding this. Pirst is the crystal structure and second is the 
type of magnetic ion. 

There are two sources of anisotropy. One is due to 

dipolar energy. Strain induced anisotropy can be explained by 

this. Another source of anisotropy is from individual ions. The 

influence of surrounding ions on the electron orbits of the 

magnetic ion is taken into account by means of crystalline field. 

By the crystalline field the electron orbits of the ion interact 

with the lattice. The spins of the same electrons are coupled to 

the orbit by spin-orbit interaction. The orbital angular momenta 

of ions in the crystal lattice can differ appreciably from the 

values found when the ions are not built in a crystal lattice* 

Ee and Co in octahedral sites give nonzero orbital angular 

momenta. So due to spin-orbit coupling, anisotropy is obtained. 

But Ee on tetrahedral site gives reversed sign anisotropy. In 

4-2 

Eig. 4, with increasing Ee content, values of have been 

6A 

shown for Hi-ferrite ^ 

Now we are in a position to discuss various types of 

7 

losses and resonance . The desirable properties for soft magnetic 
materials are high permeability and low loss. If a magnetic 
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the 

magnetic flux density B is generally delayed by the phase angle 6 


field is magni-jtized by the a.c, magnetic field H = e 


because of the presence of loss and is thus expressed as 
i (wt - 5 ) 
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p* expresses the component of B which is in phase with H, so it 
corresponds to the normal permeability, p” expresses the 
component of B which is delayed by the phase angle 90° from H. 
The ratio 


^ = tan 6 = loss factor = '^ (1.3) 

where Q = Quality factor. 

The most important loss in ferromagnetic substances is 
the hysteresis loss. Por soft ferrites this is considerably low. 
The hysteresis loss becomes less important in the high frequency 
range, because the wall displacement, which is the main origin of 
hysteresis, is mostly damped in this range. 

Por ferrites eddy current losses are negligible because 
the resistivity of ferrites is high. 

Magnetic after effect also gives rise to a magnetic loss 

8 

for high frequency magnetization. The origin of this phenomenon 
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is considered to be the diffusion of electrons between Pe 


+2 


and 


There is also another phenomenon, which is called 
dimensional resonance. If the dimension of the core is equal to 
an integral multiple of the wavelength >s the electromagnetic 
wave will resonate within the core, giving rise to standing wave 
and the wavelength can be calculated by the formula 


^ = 


c 

f 


(1.4) 


where c = velocity of light 
f = frequency 

e = dielectric permittivity of the material 
p = permeability of the material. 

The most important part of loss is that due to magnetic resonance. 
For )> 0 (K-j = Anisotropy constant) and the magnetization 
pointing along [100], the resonant frequency is given by 


w^ = y(H + H ) 

JL cL 


2K 


y(h + -jjl) 


(1.5) 


where y = Gyromagnetic ratio 
H = magnetic field 
H = anisotropic field 
Mg = saturation magnetization 

Resonance can also be found without applying a d.c. field. Then 

w = vH . Such a situation is encountered in a measurement of 

r a 

initial \x» Frequency dependence of \x' and p." observed for Ni-Zn 
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ferrites of various compositions has been shown in Pig. 2. 

9 

Pil'shchikov ct al^ have found complex absorption curves for 
Mg-J/In ferrite at applied field H. They explained it on the basis 
of domain structure and domain orientation (Pig. 3). Prom 
w =YH , we can get 

X Si 

4 YM^ 

fr^^ot - = -T^ (^*6) 

where w = 2 itf 
r r 

10 

It was first suggested by Snoek that the spectrum of initial 
permeability could be explained in terms of gyromagnetic resonance. 
An electron in a direct polarizing magnetic field behaves like a 
gyroscope. In equilibrium, the axis of the electron v;ill be 
parallel to the d.c. magnetic field. If it is disturbed from its 
equilibrium position and then left to itself, it will tend to fall 
back into line with magnetic field, but it will be prevented from 
doing so by gyroscopic action, instead of falling back, it will 
process about the magnetic field direction with a frequency 
dependant on the value of the magnetic field. However, if the 
alternating field is of the frequency set for the precession by 
the polarizing field, resonance occurs and the motion is large 
with heavy losses. 

Other effects to be considered are domain wall motion 
and domain rotation. At lower frequencies, domain wall motion 
occurs, at higher frequencies dcanain rotation gives resonance 
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loss. In case of domain wall moljion, loss is accompanied by 
relaxation. Domain patterns depend on (i) (a) (b) K and (ii) 

microstructure. Disturbing influences are (a) growth defects 
(b) grain boundaries and (c) pores. 

There is also another important behaviour. High initial 
permeability is always associated with low value of frequency at 
which maximum loss occurs which can be explained as below. 

There is a relation that 



Lower means higher p,. But lower also means that it is not 
difficult to change the direction of magnetization. The frequency 
of gyromagnetic resonance, which in the absence of an applied 
field is proportional to the anisotropy field, is therefore also 
low. 

Considerable amount of work has been done on the effect 

of different additives on Ni-Zn ferrites and also other soft 

ferrites. Effects of cobalt on magnetite have been described by 
11 12 

Slone zewski and also by Bichford et al . Co has got a large 

importance because of its contribution to anisotropy. Work has 
also been done on the effect of cobalt addition in Ni-Zn 
ferrite. 

A good deal of work has been done on effect of additives 

of different transition metal ions such as indixom, scandium 

1 9 20 2 1 

alkali and alkaline earths , copper , different rare earths 

22 

and also other additives 
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Very little work has been done so far on the effect of 

Ti and specially on Ni-Zn ferrite. Gorter^^ reported the effect 

of TiOg on Wi-ferrite and Wi-Zn ferrite. His compositions ranged 

from HiFe„0 - Ni p-PeTi. _0, and Hi. ^ 0 , - NiZn„ ^PeTi., _0 

4 i.p '-'•5 4 1*5 0,5 4 0.5 JO 

. +2 

They assume Hi in octahedral sites. They were not sure regardin 

the positions of Ti"’”'^. 

24 25 

Results ’ have been given on the anisotropic behaviour 

of (MnPe)Pe 20 ^ and Mn(Ti''’'^ ^®2-2x^4' last compound, 

‘ 4*2 

the contribution from Pe to K-j and K 2 is larger by a factor of 
four, 

26 

Stijntjes et al worked on the permeability and 

conductivity of titanium substituted Mn-Zn ferrites. He found 

that replacing 2Pe’^^ by Ti"*”^ + Pe"^^ on octahedral sites in the 

spinel lattice yields a strongly temperature dependant positive 

27 

contribution to the magnetic anisotropy. Syono found that, in 
Pe^O^, substitution of Ti + Pe for 2Pe leads to a great 
change in anisotropy. Measurements by Syono showed a negative 
contribution to which increased to lower temperatures. Per 
larger amount of Ti^"^, the anisotropy become larger than 10^ 
ergs/cc. This is ascribed to Pe on tetrahedral sites. 

Electrical measurements and low temperature saturation 

28 

magnetization measurements done by Banerjee et al revealed that 
Pe ions occupy tetrahedral sites for most part of the solid 
solution series contributes to a large 

anisotropy. 
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29 

Hoehne Qt al also worked on induced magnetic aniso- 
tropy in titanium doped ferrites. They found that Ti doping 
shifted the Curie point to lower temperature. 

There is another part, that is the processing part, 
which controls the magnetic properties to some extent. So micro- 
structure is very important. Domain patterns depend on micro'- 
structure. Important magnetic properties like loss etc. depend on 
size, shape and orientation of domains. Complicated domain 
patterns have been found in poly crystalline materials, although 
not many observations have been made on ferrites. The grain 
boundary is a source of free magnetic poles because it separates 
two regions of different preferential directions. 

Pores are usually a disadvantage for good magnetic 
properties. They are disturbing elements for domain movements. 

Linear increase of initial permeability with grain size have been 
30 31 

found. ’ Uniformity of grain size is also very important 

factor for good magnetic properties, A somewhat different 

development stems from the realization that, for high initial 

permeabilities at least, the extent of porosity is less important 

52 

than its distribution"^ . More specifically, pores within the 
grains are very deleterious, but even large pores at the grain 
boundaries have surprisingly little effect. 

Effect of additives may be of two types. If it remains 
in the grain boundary (example CaO), then it will inhibit 
exaggerated grain growth. If the additive enters into the 
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structure and is of different valency, and also if there are 
cation vacancies, then there will be exaggerated pore growth^^. 
Pores will not impede grain growth but move along with a moving 
grain boundary. Then they coalesce to larger pores. Then larger 
grain size is obtained. 

The rate of grain growth can be explained by 

(D - Dq) = Kt’’/^ (1.8) 

where D = grain size at time t 

« 

= grain size at time, t = 0 
K = temperature dependant constant. 

Second phase inclusions and pores inhibit grain boundary migration, 
a limiting grain size beyond which uniform growth will not 
proceed, occurs at 



( 1 . 9 ) 


where d = average size of the inclusions or pores 
f = their volume fraction. 

In porous ceramics the pores fill the role of growth-inhibiting 

inclusions and as sintering proceeds, they gradually disappear. 

Thus conditions for secondary recrystallization are established 

more or less automatically in all single phase ceramic systems 

34 

at some stage in the sintering process . 
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CHAPTER II 

PEESENTATIOH OP PROBLEM 

Effect of Ti on ferrite is interesting from the point of 

view of anisotropy. We took .that composition of Hi-Zn ferrite 

which is of maximum permeability i.e. HiQ How by 

adding Ti02, we wanted to see how the permeability changes, as 

permeability is related to anisotropy which is strongly affected 

+4 

due to addition of Ti ions. 

We also wanted to see the effect on M (saturation 

o 

magnetization) due to addition of ^i02* composition is at the 

right side of the cuiwe of Pig. 6 i.e. in the region where is 
falling. So effect of Ti"^^ in this region on will be complex. 
So it is an interesting point to see how the is changing with 
addition of Ti"^^ and its possible explanation. 
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CHAPTER III 

experimental PROCELURE 

a) Raw Materials : 

The raw materials used are noted below: 

(a) Nickel Salt - NiGO^, PNiCOH)^, 4H2O - A.R. Grade 

(b) - A.R. Grade 

(c) ZnO - A.R. Grade 

(d) TiOg - L.R, Grade 

were 

All the raw matorials^of fine particle size including EegO^. 

B) Mixing : 

Nickel salt, Ee20^ and ZnO were taken in proper amount to 
get the composition Ni^ ^ZnQ ^EegO^. Then mixing of the raw 
materials wajp® done very carefully in small lots. The small lots 
were subseq,uently mixed again and again. As nickel salt was very 
fine, care was taken during mixing so that it was not lost in the 
air. Total 800 gm raw material was prepared. Then a small amount 
of moisture was added and pellets of 2” diameter were made which 
were used for the next stage, 

C ) Calcination and Eerritisation : 

Then the pellets were calcined at 6500C for one and half 
hours. Tho reason for calcination was to remove gases like COp, 



HgO vapour which were formed due to decomposition of nickel salt . 
So the nickel oxide that was formed due to decomposition was of 
very fine particle size. 

Then the calcined material v/as mixed in a porcelain pot 
with plastic balls for two and half hours. Note that plastic 
balls were., used, during mixing, to avoid contamination. Then 
small amount of moisture was added and 2" diameter pellets were 
pressed. The material was ferritised at 900°C for approximately 
5 hrs. A small amount of ferritised powder was used for X-ray 
analysis on General Electric XED-6 Model. 

D) Wet Grinding ; 

The ferritised material was divided into 6 batches. 
Different amounts of TiOg were added to different batches. The 
amount of TiOg was batch A and G - 0%, batch B and H -0.5%, 
batch G and 1-1%, batch D and J - 2%, batch E and K - 5%, and 
batch F and D - 10%. The percentage was calculated on weight 
basis with respect to NiQ ferritised 

material. 

Then wet grinding was done for each batch for 35 hours. 
The grinding was done in plastic bottles with plastic balls to 
avoid contamination. After grinding, slurry of each batch was put 
on trays and dried in oven to get powder. 
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E ) Particle Size DeterminFi.ti nn : 

A small anount of ground powder was taken. It 7/ as put in 
water at pH 2.5 and stirred for 2 hours by stirrer. After 
proper dispersion, a drop was put on hot slide. Particles were 
observed under optical microscope and photographs were taken. Then 
curve of particle size distribution was drawn. 

P ) Pressing Powder Preparation ; 

About 1-2?5 polyvinyl alcohol solution was made. Then it 
was added to the powder of each batch and mixed uniformly. The 
mass was dried slowly in air to get proper moisture content. 

•I) Packing Powder ; 

It was made in the same way as pressing powder. Hero the 
quality of the material used was of l.R. grade and directly 
ferritisation was done at 900°C for 6 hours. 

H) Powder Pressing : 

10,000 p.s.i. pressure was used and accordingly the load 
required was calculated. Three items were made. (a) Pellets, 

(b) small toroids and (c) large toroids. 

Pellets were made by pressing in a split die. The 
diameter of the pellets was 1.29 cm. Toroids were pressed in a 
dc/ible pressing die. The die consisted of two parts, upper die arx<~ 
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the bottom die. First the pressure was applied from the top, 
keeping the bottom die fixed. Then the dies were turned upside 
down and pressure vi^as applied to the bottom die keeping upper one 
fixed . 

Toroids v/ere rectangular in cross section. Small toroid 
was of O.D. 1.93 cm and I.D. 1.29 cm and large toroid was of O.I.'. 
4.15 cm and I.!. 2.69 cm. Green bulk densities of the pellets and 
the toroids were calculated by noting the weights and by measuring 
the dimensions by micrometer. 

I ) Sintering ; 

Sintering was done in a 23" long horizontal tube SiC 
furnace. Pt, pt-IO^ Eh thermocouple was used as the sensing element 
with a controller to control the temperature to the accuracy of 
+ 1°C. The temperature was checked and corrected with an external 
theraocouple using d.c. potentiometer. Inside the furnace, a 2" 
long zone of constant temperature was obtained. First test pellets 
wore sintered at different temperatures (13500C, 1300°C, 1250°C and 
1200°C). Sintering temperature of 1250°C was taken, as it gave 
maximum sintered density. 5 hrs and 20 hrs sintering time for 
each batch was chosen. 

Toroids and pellets were sintered together in a cylindrical 
closed sagger, which was shaped by cutting fireclay brick. Two 
large toroids, two small toroids and two pellets were placed in this 
container and packed with packing powder. Isothermal sintering Was 
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done for each batch. At first the furnace was heated to the 
desired temperature and then the container with the toroids wore 
pushed slowly to aToid thermal shock. Then it was kept in thu 
sintering zone for proper time and then taken out slowly. After 
sintering, bulk densities of the samples were taken. Porosity of 
the sintered material was calculated from the equation, 

T — B 

Total porosity = — --m — 100% (2.1 ) 

^d 

where T^ = theoretical density of ferrite 

= bulk density of the sintered ferrite. 

J ) Permeability and Q-factor Measurement : 

The measurement of complex initial permeabilily and Q- 
factor was done on type 260-AP, Boonton Radio Co. Q-meter in the 
fi-equency ran.ge of 50 Kc/s to 10 Mc/s. The instrument is basically 
a resonant circuit from which the values of Q and inductance of the 
u.iknown coil can be directly read on a meter and a dial, respect- 
ively. The real "paxt p,' of the initial permeability p^was 

55 

calculated as follows : 

Inductance L = 2 x lo"*^ b InC-^) Henry (2.2) 

where b = height of the toroid (meter) 

H = number of turns 
D 2 = O.D. (meter) 

= I.D. (meter) 
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and = p. ' - i p," 

So, L = 2 X 10'"^ p ' 

or = Constant x 

and Lg = Constant x 


(Equation (1.2)) 


b ln(^)Henry 


:2.3) 


• 2 

p' X (Eor a particular toroid at 

number of turns ) 

2 

p' X 112 (At 1^2 number of turns for sane 
toroid) 


(1^ “ ^2^ ~ Constant x p' x (N^ - N^) 


(2.4 


From this equation p' was calculated. This method was used to 
avoid some errors which v/ill be discussed in Appendix II. 

The toroid was wound with 36 gauge insulated copper wire. 
Parallel connection method was used. In this case, the circuit 
was first resonated, using a type 590-A (Boonton Radio Co.). 
Standard coil of known inductance, to establish reference values 
and C^. The circuit was re-resonated with the unknown coil 
connected to CAP terminals (Pig. 5) and standard coil in its 
original position. The altered values Q 2 and G 2 were noted and 
the actual values of Q and 1 of the unknown coil were calculated as 
follows: 


Q 


Q^Q2(C2 - C^) 
"(Q^ -"Ogjc-i 


( 2 . 


J 



1 

4 tcV(C2 - C^ ) 


( 2 . 6 ) 


where 



= inductance of the unknown coil in Henry. 



K ) Saturation Magnetization Measurement : 


Small chips of sintered ferrites were taicen from each of 
the six batches (A to ]?). Their weights were measured. Then 
saturation magnetization for each sample was measured in Titrating 
specimen I'oner magnetometer. In this instrument, the specimen is 
forced to vibrate in a vertical direction. The a.c. signal 
induced by the dipole field of the specimen in a pair of second8,ry 
coils placed on both sides of the specimen is amplified and, 
compared with a signal produced by a standard magnet, giving rise 
to an output signal which is exactly proportional to the magnetic 
moment of the specimen. 

Also the magnetization and demagnetization data for a 
sample sintered at ^ 250^0 for 20 hrs were taken. 

L) Polishing and Q-rain Size Measurement : 

Sintered pellets were mounted in moulds made from Incite 
crystals (a type of plastic). Sample mounting was done at IPC^G 
approximately. Six samples (A to P) were mounted. Then these 
pellets were polished on glass plate using SiC of 100, 250, 300, 
400 and 600 mesh. There were two important points in this regard. 
Firstly, with increase of mesh number of powder i.e. increase of 
fineness of powder, the grinding time was increased. Secondly, 
all the samples were washed carefully when the SiC powder was 
changed i.e. when different mesh number SiC powder was used. 
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Then the samples were polished in polishing wheel using 
15 finallj 1 pAl^O^. Then the samples were p dished 

in ,3 p AlgO^ powder. Subsequently samples were mounted in sample 
holders and polished in "Syntron vibratory polisher" using 1 p 
diamond paste and little paraffin. Here polishing was done for 
30 hours. Then the photographs of unetched samples were taken in 
microscope. The samples were etched in 40^ boiling HCl for about 
10 minutes. Microphotographs of etched samples were taken. Prom 
the photographs average grain size was determined by using the 
formula; 

Grain size (Average) = (2.7) 

X “i 

where n^^ = number of grains of average size 'd^'. 


f 
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CHAPTER IV 


RESULTS AHD DISCUSSION 


) Raw Materials ; 

Pure raw materials were taken (A.R. or L.R. grade). So 
the change in any properties due to addition of Ti 02 will he solely 
due to Ti 02 as there were no other impurities. 

B ) Calcination and Perritisation ; 

The object of calcination was to remove CO^, H^O from 
the complex Ni-salt and any other volatile impurities if present. 
During the decomposition of the Ni-salt, it would become finer. 
Finer particles, vrere expected to improve sintering. Ferritisa™ 
tion temperature of 900°C was chosen. Higher the temperature, 
better would be the ferritisation, but at the same time crystal- 
lites would be larger duo to sintering. This would be detrimental 
to achieve dense sintered product. So 900°G was chosen as our 
ferritisation temperature. Comparison of the X-ray data of the 
ferritised powder and A.S.T.M. chart (Table 2) revealed that 

almost all tho material was ferritised. There were 3 lines 

0 

corresponding to 'd' values of 3.01, 1.69 and 1.2 A respectively. 

These lines are not present in the standard A.S.T.M. X-ray data 

for Ni-Zn ferrite, aFe20^, NiO or ZnO (Tables 1 and 2). These 

lines may be due to formation of an intermediate phase which 

36 

should disappear at 1100°C- 
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C ) Wet Grinding : 

For grinding purpose, plastic balls in a plastic bottle 
were used. This was to avoid any contamination. It is true that 
efficiency of the grinding is very poor in this condition. Since 
contamination could not be prevented otherwise, the lower effioi- 
ency of grinding was tolerated. Previous work of Das and Gupta/'"’ 
showed that assuming wear conditions with ferrite charge not mor^ 
severe than empty ball load, the contamination level in the 
alumina jar is 0.1% per hour and in the steel balls 0.05% per 
hour and hence such grinding media were avoided. 

D) Particle Size Determination : 

In the particle size determination, main problem was of 
the dispersion of particles. Without proper dispersion, it was 
not possible to observe the size of the particles under the 
microscope. After trial and error, it was found that ferrite 
dispersed well in the pH range of 2.5. Proper stirring was doriu 
for 2 hours. Particle size distribution has been shown in Pig. 10. 
Maximum number of particles were in the size range of 8-10 p. 

Most probabl3i" they were agglomerates, true grain size was much 
smaller than it. Photomicrograph of the particles has been shown 
in Pig. 7. 
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S) Packing Powder ; 

The reason of using packing powder was as follows. The 
vapour pressure of ZnO is high at sintering temperature. So some 
ZnO might be lost during sintering. So packing powder was used 
to maintain proper atmosphere, so that ZnO was not removed. 

The saggar was also closed from the top with a cap. 

Fresh charge of packing powder was used for every sintering run. 

P ) Pressing : 

Green densities of the sample pressed at 10,000 p.s.i. 
are shown in Tables 5 and 4. Maximum green density of 2.90 gm/cc 
was obtained. In every batch it had been found that green 
densities of small toroids were slightly greater than those of 
large toroids. This is most probably due to frictional conditions. 
For large toroids, the height is greater, so green composition 
was not uniform throughout the sample. 

Das and Gupta^^ found that higher pressure upto 105,000 
p.s.i. using much finer particle size ferrite, did not signifi- 
cantly increased the fired density, but led to sample cracking 
at the highest pressure. Hence lower pressure was used in this 
experiment. Second reason was the limitation of our press 
capacity (12,000 pound) that prevented the use of higher pressure 
on the large toroid. In commercial practice, however, pressure 
does not expeed 10,000 p.s.i. using carbide dies and punches. 
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G ) Sintering ; 

Results of densif ication have been shown in Tables 3 and 
4. I-Iaximm sintered density of 4.42 gm/cc has been obtained in 
sample B sintered at 1250°C for 20 hrs. It is very low with 
respect to theoretical density. Higher density was not obtained 
because initial particle size was large. There are two factors 
which will control density, Firstly decrease in porosity will 
increase sintered density. Secondly with addition of Ti02, 
theoretical density is decreasing, hence its addition will 
decrease sintered density for a constant porosity material. 
Therefore comparison of porosity values will show in which case 
densification is better. 

From Table 3, we note that, batch B has lower porosity 
than A. Then from B to F the porosity is almost constant. We 
know that (Ref. 33 )» if the additive enters into the structure 
and is of different valency and also if there are cation vacancies 
then small pores will coalesce to larger pores and some' pores will 
be removed. This is most probably due to increased diffusion rato 
Hence the lower porosity in B is probably due to enhanced 
diffusion rate. 

Table 4 is showing densification results for samples 
fired at 1250°C for 5 hrs. These results are somewhat different 
in comparison with materials sintered for 20 hrs. For samples 
sintered for 5 hrs, batch H is of low porosity in comparison to 
batch G, Here the trend is similar to samples sintered for 



20 hrs . But for batches I, J and Z, the porosity has increased 
gradually followed by a decrease in porosity for batch 1. The 
sudden increase of porosity from I to K batches are not explainable 
at present. More thorough densification studies are required to 
find the cause. In conclusion, in the case of sintering for 20 
hrs, the porosity first decreased then remained constant with 
increasing TiO^, while for the 5 hrs sintered material the 
initial decrease in porosity was followed by an increase and then 
a final decrease with increasing Ti 02 content. 

H ) Microstructure and Grain Size ; 

Photomicrographs of ferrites of A to E batches have 
been shown in Pigs. 8 and 9* G-rain sizes of different compositions 
of Ni-Zn ferrite sintered at 1250°C for 20 hrs have been tabulated 
in Table 5. 

Average grain size of A (0^ Ti02), B {, 5 % TiOg), 

C Ti02) batches is 4 ^ and that of D { 2 % Ti02), E { 5 % TiO^) 

batches is 5 • G-rain size of batch G (10% Ti02) is much bigger, 

it is 11 . So it is clear that with increase of Ti02 there is 

a tendency of increasing grain size. It can be explained after 

Reignen"^"^. As Ti will enter into the lattice, so there will be 

more coalescence of pores due to enhanced diffusion rate. In 

37 

Al20^ also Johnson et al have found that 1102 increases grain 
boundary diffusion coefficient. Hence pores will not impede 
grain growth, but will move along with a moving grain boundary. 
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Then they will coalesce to larger pores. Therefore larger grains 

are obtained. Thus we got a tendency of increasing grain size 

with increasing TiO^, which is very prominent in TiO^ sample. 

Photomicrographs of etched samples are showing that for 

A, B, G, D and E batches there are no intragranular pores, but 

there are intergranular pores. But for sample P, the grain size 

is much bigger and there arc both intergranular and intragranular 

pores. During grain growth, some pores have been entrapped in thi 

sample. In the same sample P, the grains are more or less uniform 

but in other samples there is distribution of grain size. In 

sample P the increase in grain size is supporting our point that 
+4 

Ti has entered inside crystal and Ti02 is not present as second 
phase, otherwise it would inhibit grain growth and we could not 
get tendency of increasing grain size with increasing percentage 
of Ti 02 - 

I ) Magnetic Spectrum ’ 

Tables 6 to 17 give the detailed information of the 
parameters needed to evaluate the real part and imaginary part 
\x " of the initial permeability and the quality factor Q of the 
material. Prom equation (1.3), we know that 

^ ~ tan d 


where 6 is the loss angle. 


p" 
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Parallel connection method was used to measure }I , Q 

etc. Direct coil measurement would not give material Q, tut it 

would give only circuit Q. We could not go beyond 10 Mc/s 

frequency, because above 10 Mc/s the Q-response was very low and 

it was not possible to measure it accurately. Magnetic spectra 

for different samples have been shown in Pigs. 11 and 12. 

let us first explain the shape of the p,' and ji" vs. 

frequency curve. Pigure 2 shows the schematic diagram for the 

frequency dependence of p' and p" for Mi-Zn ferrite. This curve 

is somewhat ideal. We know that w = y(H + K )> (see equation 

(1.5)). Por initial p, H = 0 and =yH^. Since the interest of 

this study is in the initial part of the permeability, the loss 

at the resonant frequency is of more significance. But when 

H is applied and it is sufficiently great to swamp the anisotroi.'y 

fields, then the polarizing field is effectively the same 

evory’v'/hero in the specimen, except the shape effects. Then spread 

of the gyromagnetic resonance is considerably reduced and sharp 

peak is obtained. But Pil'shchikov et al^ (Pig. 3) have found 

complex absorption curves for Mg-Mn ferrite. They explained it 

on the basis of complexity of domain size, shape and orientation. 

they 

So theoretically though /■ expected one sharp peak, but they 
obtained complex peaks. In their case H was nonzero. 

In our case H = 0 and w =yH , so we can get the same 

X cx 

effect here, because in polycrystalline samples the domain 
patterns are complex. So we may not get smooth curve like Pig. 2 
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which is ideal case and according to which Pil'shchikov should 
have got one sharp peak ai high H value and high frequency. 

In our case we got curve of more than one peak of p” 
which is not unreasonable according to above discussion. As p' 
and p" are interrelated, so curves of p' are not as ideal as 
i'ig. 2. 

Now the explanation of individual curves of Pigs. 13 and 

14 is given below. When TiOg is added in Ni-Zn ferrite, PPe'*'^ 

H-A +2 4" A 

are replaced by Ti and Pe . Ti ions will go to octahedral 

site (Ref. 26, 27). Though size of Ti'*''^ ions is comparable to 
+2 +A 

that of Ni ion, and Ti can go to tetrahedral site, but here 

Ti'^'^ will go to octahedral site, as site preference depends on 

many factors (Ref. 4 and 5) other than size factor. 

So Ti’*’'^ ions will replace Pe"^^ ions from octahedral s-i.to 
+2 

and equal number of Pe will be formed from octahedra site 

(Ref. 26, 27, 28). The possible reason may be that the number of 

+3 +3 

Pe ions are more in octahedral sites, so Pe ions from 

+2 +2 

octahedral position will change to Pe ions, also size of Pe 

ions predicts its octahedral co-ordination (Ref. 38). With 

addition of more Ti , Pe ' ions will go to tetrahedral site 

(Ref. 26, 27, 28). The possible reason may be that as in the 

octahedral site, number of Pe ions are decreasing, so Pe ions 

+2 

from tetrahedral site may change to Pe 

+2 

Prom anisotropy point of view, Pe in octahedral site 
has positive contribution to (anisotropy constant) and Pe 
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in tetrahedral site has negative contribution to (Eef. 3 and 

27 j hig. 4). Effect of Ee"^^ + Ti"^^ is much greater than only 
+2 

Ee regarding contribution to K^. 

So from the above discussion, it is clear that net 

anisotropy contribution associated with the addition of Ti''”'^ will 

be positive upto certain percentage of Ti'*''^, then the contributior 

+2 

will be negative duo to site change of Ee . 

In Eigs. 13 and 14, the variation of p * (real part of 

initial permeability) with Ti02 is shown. It will be observed 

that though there is scatter in the data, the general trend is 

for p’ to rise to a peak at a low percentage of TiOg addition 

and then finally fall off as Ti 02 percentage is increased for 

samples sintered at 1250°C for 20 hrs. 

This phenomenon can be explained in the following way. 

Initially (0.5-1% ^^*^2 sample) Ee ions were expected to 

+2 

be in octahedral sites. Contribution of Ee to in octahedral 
site is positive. So 0.5—1% addition of Ti02 has decreased the 
net anisotropy of li-Zn ferrite, which is negative. We know that 
p (M^A -1 ) (equation 1.7). Change in M with composition is 
little (see Eig. 13). So due to decrease in , p has been 
increased. But with more addition of Ti'*’'^, Ee"*"^ has been expected 
to go to tetrahedral site where it has negative contribution to 
. So in the latter case it will increase and hence p will 
bo decreased. So there is an optimum percentage of TiOg between 
0.5-1% which will give maximum permeability and above that 



30 


+2 

optimum percentage, maximum number of Fe ions will go to 
tetrahedral site- From microstructural point of view, one is 
expected to get higher permeability with increasing % of T'i 02 as 
there is a trend of increasing grain size with increase of TiO^ 
percentage and it is known that permeability increases with 
increasing grain size (Ref. 30 and 31 ). But it has not been found. 
The reason is that the effect of anisotropy has more than overcome 
the effect due to grain size. 

From Fig. 14 it has been observed that for samples fired 
at 1250°C for 5 hrs, the permeability has gradually decreased v/iti 
increasing percentage of Ti 02 except at 5%» where there is a 
sudden increase in permeability, followed by decrease at 10?^. At. 
before for 20 hrs sintered sample, one is expected to get 
increase in p in the range 0.5-1% 1102. But no such has been 
observed. 

The sudden increase of permeability at 5% 
absence of peak in the range of 0.5-1% 1i02 is not explain- 
able at present. More thorough investigation is required to 
find possible reasons. 

J ) Saturation Magnetization : 

Table 18 and Fig. 13 have shown saturation magnetization 
of Ni-Zn ferrites of different compositions. It is to bo noted 
that as cr is a material property and depends on the porosity 
of the material, so the curve of a vs. composition has been 
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'Z 

drawn where cs is in gauss cm^/gm and M is in gauss. To explain 

o 

the curve we have to start from Pig, 6 which shows the saturation 
moment at 0°K for mixed crystal series of compositions between 
MePe20^ to ZnPe20^ where Me is Fi, Co or Mn. Let us take 
at first. Here Pe ions are equally distributed between A and B 
sites, the magnetic moments of these ions are completely cancelled 
due to negative interaction, and the net magnetic moment of 
NiPe20^ is due solely to the Ni ^ ions, which is equal to 2 Bohr 
magneton. With addition of ZnPe20^, Zn**"^ goes to tetrahedral site 
as it has preference for tetrahedral site. As a result, an 
additional Pe”^^ ion is forced into an octahedral position, 
thereby increasing the net magnetic moment of the structure. But 
2n"^^ when more than 50 mole % is added, the net magnetic moment 
decreases from the peak value. The reason is that a number of 

ions will have no magnetic neighbours and hence their spins 
become uncoupled. 

Two points are coming from this discussion. Pirstly 
we can calculate theoretical Bohr magneton below 50 mole % ZnO, 
as in this range (O to 50 mole % ZnO) straight line approximation 
is more valid, above 50 mole % ZnO the curve is falling. 

Secondly number of magnetic ions in octahedral and 
tetrahedral position is important. It will control whether the 
spins will be coupled or not. So ratio of number of magnetic ions 
in octahedral position and tetrahedral position is an important 
parameter (the ratio has been denoted by R). It is to be noted 



that although this ratio is one of the important parameters, but 
there are other considerations such as Bohr magneton of each ion, 
orientation of spins etc. which will also affect coupling. In 
Ifi-Zn ferrite maximum M is found at 50 mole % ZnO i.e. 
ITio^^Zuo^^Be^O^ composition. The position of ions in different 
sites are ZnQ^^PoQ^^ (Bo^ ^ )0^ (ions within the bracket are 
in octahedral position). In this case R = 4.00, with increasing 
ZnO, E will increase. So straight line approximation to calculat;- 
Bohr magneton is more valid when R{^4.00 in this case. 

At R > 4.00, if vfe calculate Bohr magneton assuming 
straight line approximation, then we can say relatively that if 
the calculated Bohr magneton of one material is greater than that 
of another material, then actual Bohr magneton of the former is 
greater than that of later. Actual vaxue of Bohr magneton will 
bo much less than calculated value, but relatively it is possible 
to compare the Bohr magnetons of the materials. As for example, 
in Pig. 6, the corresponding to point P is less than the value 
at Q. 

Table 19 has shown proposed positions of different ions 
in different sites in varying composition of Ni-Zn ferrite. For 
TiOp, the positions are well-known. 

+2 

Por 0.5^ have taken all Pe in octahedral 

sites. The reasons have been described during discussions of 

+2 

magnetic spectrum. During discussions we gave reason that Pe 
ions formed during addition of TiOp from 0.5 to will remain in 
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:Gtahedral site. lu batch C (1% Ti02) total number of ions 

are 0.029 per molecule and in batch B (0.5^ TiO^) total number 
+2 

of Pe ions are 0.015. So between 0.015 to 0.029 numbt^r of 

-j_ 2 4-P 

Pc ions will bo in octahedral sites. So number of Pe ions 
in octahedral site is 0.015 + x where 0 ^(0.029 - 0.015) 

i.e. 0:< X 0.014. This x is not constant according to our 
proposition, with increase of Ti’*"'^, most of the Pe'*'^ ions will 
occupy tetrahedral position, but Pe"^^ in octahedral site will also 
increase in a slow rate, i.e. x will increase slowly and our 
upper limit of x, 0.014, may not be strictly an upper limit. 

In Tables 20 and 21, R, calculated Bohr magneton 
decrease in with respect to batch material A and % decrease 
in R with respect to batch material A have been tabulated. In 
Table 20, during calculation, lower limit ofx (i.e. x = O) has 
b'-en taken and in Ta,ble 21, upper limit of x (i.e. x = 0.014) has 
been talcen for calculation. In calculating we have assuimjd 
straight line approximation. Two factors will control actual 
saturation magnetization ( cr). With decrease of R, there will be 
more coupling, so it will contribute in increasing a. V/ith 
decrease of a will decrease. That is, decrease of R and 

decrease of B will react in opposite way. 

Now wo are in a position to explain o vs. composition 
curve. Prom Tables 20 and 21, for composition B, it has been 
found that fo decrease in R is much less than % decrease in 
So a will decrease, which has been found. 
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For composition C, Table 20 is showing that % decrease 
in R is greater than % decrease ±n So according to Table 20, 

a should increase and cr should be greater in magnitude with 
respect to batch material A. But experimentally increase of o 
with respect to B has been found, but not with respect to A. So 
it is clear that % decrease in Bjy^ is more effective in controlling 
O' than % decrease in R. It is highly probable that decrease in a 
is proportional to (decrease in Bjj)^, where z is greater than 1. 
Bor composition C, Table 21 is showing the reverse, i.e., % 
decrease in R is less than $ decrease in Bj^. So according to 
Table 21, o should decrease. It is against our experimental data, 
supporting our proposition that initially x is zero or close to 
zero. 

Bor composition D, Tables 20 and 21 both are showing that 
% decrease in R is greater than % decrease in A. So apparently 
it may look like that here o should increase, but it is against 
our experimental value. This discrepancy can be explained as 
follows. We have proposed that decrease in a is proportional to 
decrease in Bjyj to the power z. We do not know the exact value of 
z. So, though decrease in % is lower in comparison to decrease 
in R, but decrease in n due to decrease in is greater than 
increase of a due to decrease in R. So o has decreased for 
composition B. 

Bor compositions E and B both the Tables 20 and 21 are 
showing that % decrease in R is greater than % decrease in Bj^^j.. 
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Por composition E, R is close to 4 and for composition E, Pi is 

less than 4. So for compositions E and E the above arguments v/ill 

not hold good as they are not in the falling region of the curve 

(Eig. 6). Here both decrease in R and decrease in have almost 

same weight in changing a as here calculated and actual values 

are almost same and Bj^ of a molecule is calculated by knowing the 

positions of magnetic ions in different sites. 

So for E, % decrease in R is greater than % decrease 

in Bjyj, so cJ of E will be greater than that of D, which tally with 

our experimental value. Eor E also, % decrease in R is greater 

than % decrease in so here also o will increase. We found n 

of E greater in magnitude than cr of E. 

39 

There is a formula to calculate c, 

% X 5585 3^ 

'' = Molecular weight ™ 

Wg can use the calculated values of for F to get values of 

Me have chosen E for this calculation; as for F, R is less than 4 
(close to 2 . 5 ) so straight line approximation is more valid for F. 
From Table 20, we get that % of F = 4-45 and molecular weight 
of the composition F is 236.70, then we get 

a = 104.99 Oauss cmVgm 

’ 3 

From Table 21, of E = 3.66, then we get cr = 86.36 Gauss cm /gm. 
-ur experimental value is 37.96 Gauss cm /gm. 
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So assumption of xi?? 0.014 is giving result which is 
more close to our experimental value. It has supported our 
proposition that at higher % of TiO^, x is 0.014 or close to 0.014. 
Yet there is enough discrepancy between calculated and experimental 
value which can be explained as follows: 

(a) o calculated is at 0°K and o obtained is at room temperature 

('-^35^0) and cr at this temperature may be half of a at 0°K 
(Ref. 39). 

(b) We assumed ideal structure, but there may be disorder due to 
processing conditions, specially rate of cooling. 

(c ) Upper limit of x may not be strictly 0.014, but it is close 
to our proposition. 

In Pig. 16, shape of the M-H curve of ^*fio.3^'^0.7^®2°4 
sintered at 1250°C for 20 hrs has been shown. H value obtained 

C/ 

was 19 oersted. 
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CHAPTER V 


COHCLUSIOHS 


In this study of the Ni-Zn ferrite with different 
percentages of liOg addition, the following points emerged : 

1. To get contamination free grinding, grinding can be done in 
plaatic bottle with plastic balls. But in this process 
grinding efficiency is very low. So very long time grinding 
may give fine particles. 

2. Higher pressure may be used during forming and hence higiu/r 
green density and finally higher sintered density may be 
obtained. 

3. Addition of TiO^ decreased porosity in all percentages . for 
20 hrs sintering at 1250°C. 

4. 0 , 5 -^% TiO^ sample gave maximum permeability when sintered 
at 1250°C for 20 hrs. 

5. value obtained is close to values published for Hi-Zn 

s 

ferrite. 

- 1-2 

6. We have proposed the oxist'ence of an optimum amount of Pe 

+2 

ions, such that below it most of the Ee will be in octa- 

+2 

hedral site and above it most of the Ee will be in tetra- 
hedral Site and this effect showed a peak in the permeability 

vs. composition curve for materials sintered at 1250°C for 

+2 

20 hrs. In our case the optimum % of Ee was associated 
with 0.5 to 1 % TiOg addition. 



Hot pressing can give 100?^ dense material, when we can 
compare the effect due to Ti 02 solely, excluding effects 
due to poros, grain sizes and their distribution. 
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CHAPTER VI 

SUGGESTIONS EOR FURTHER WORK 

1 . Grinding should be more efficient and powder should be 
brought below 1 p average size. This is industrial practice 
to get suitable magnetic properties. 

2. Higher pressure of forming is required to get good compaction 
and finally good sintored density. 

3. Multiple samples are to be used for a given experimental 
point to ensure repeatability. 

4- Sintering conditions of time and temperature both may bo 

varied to obtain optimum parameters of time and temperature. 

5. 0-2'^ "^^^2 should be investigated more thoroughly and 

its effect on p' and M . 

o 

+4 

6. Other cations having similar properties to Ti may also "be 
used for such a study. 

7. Such studios can be done both below 50 mole % ZnO and above 
it. 
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Table 1 

A.S.T.M. X-ray data for NiO and ZnO 


A.S.T.f/ 

I. X-ray data for aPegO^ 

j A.S.T.M, 

1 data for 

X-ray 

ZnO 

A.S.T.M. 

data for 

X-ra^ 

MiO 

d(A) 

i I/I’ 

1 

r 0 , 

d(A) 

T 

I/I' 

L . 

i ^ p. 

I d(A) J 

f t 

I/I' 

d(A) ' 

! 

I/I 

Z.66 

25 

0.98 

10 

2.81 

71 

2.41 

91 

2.69 

100 

0.97 

2 

2.60 

56 

2.08 

100 

2.51 

50 

0.96 

18 

2.47 

100 

1.47 

57 

2.28 

2 

0.95 

6 

1.91 

20 

1 . 25 

16 

2.20 

30 

0.95 

12 

1 .62 

40 

1.20 

13 

2.07 

2 

0.93 

6 

1 .47 

35 

1 .04 

8 

1.83 

40 

0.92 

6 

1 .40 

6 

0.95 

7 

1 .69 

60 

0.90 

25 

1 .37 

28 

O ..93 

21 

1 .63 

4 



1.35 

14 

0.85 

17 

1.59 

16 



1 .30 

3 

0.80 

7 

1 .48 

35 



1.23 

5 



1.45 

35 



1 . 18 

3 



1.34 

4 



1 .09 

10 



1 .31 

20 



1.06 

4 



1 .25 

8 



1 .04 

10 



1 .22 

2 



1 .01 

5 



1 .21 

4 



0.98 

4 



1.18 

8 



0.97 

7 



1 . 16 

10 



0.95 

1 



1 .14 

12 



0.93 

4 



1 . 10 

14 



0.90 

12 



1 .07 

2 



0.88 

6 



1 .05 

18 



0.86 

1 



1.04 

2 



0.83 

6 



1 .03 

2 



0.82 

2 






0.82 

2 







0.81 

5 
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Table 2 

material and comparison with 
A.b.T.M. X-ray data for ferrite 


A.S.T.M. 

ferrite 

X-ray data for Ni-Zn 

Sample ferritised at 
5 hrs 

900 °0 for 

d(A) 

i I/I' 

1 ... .. 

d(A) (Observed); I/I' 

(Observed ) 

4.85 

14 





3.01 

36 

2.96 

45 

- 


2.69 

4 

2.71 

14 

2.53 

100 

2.54 

100 

2.42 

6 

2.42 

1 1 

2.10 

25 

2.11 

20 

1.71 

10 

1.72 

1 1 

- 

- 

1 .69 

8 

1 .61 

25 

1 .62 

35 

1 .48 

35 

1.49 

49 

1 -41 

28 

- 

- 

1 .32 

2 

- 

- 

1 .28 

8 

1.28 

12 

_ 

- 

1 .27 

9 

1 .21 

2 

- 

- 

1-17 

1 ( broad ) 

- 

- 

1.12 

4 

- 

- 

1.09 

12 

1.09 

11 

1 .04 

6 

- 

- 
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Table 3 


Densification of Fi-Zn ferrites of different 
sintered at 1250^0 for 20 hrs 


compositions 


Sample 
no . 

{Batch 

}/5 Ti 02 v/ith 
{respect to 

Pressure 
applied 
(p.s.i. ) 

Green 

density 

gm/cc 

'Sintered 

density 

gm/cc 

f 

Porosity {The ore -- 
{%) {tical 

{density 

{gm/cc 

I 

A., 




2.68 

4.19 

22 


^2 

A 

0% 

10,000 

2.63 

4.17 

22 

5,377 





2.73 

4.37 

18 


c. 




2.74 

4.37 

18 






2.58 

4.26 

21 



B 

0.5% 

10,000 

2.56 

4.26 

21 

5.374 

b^ 




2.79 

4.42 

18 


>^2 




2.74 

4.42 

18 






2.84 

4.25 

21 



C 

V%> 

10,000 

2.86 

4.27 

21 

5.371 





2.90 

4.38 

18 






2.89 

4.40 

18 






2.67 

4.19 

21 



D 

2% 

10,000 

2.69 

4.19 

21 

5.365 





2.85 

4.37 

18 


d (p 




2.86 

4.38 

18 






2.74 

4.17 

22 


Tr 

^"2 

B 

5% 

10,000 

2.73 

4.17 

21 

5.351 





2.84 

4.34 

19 


^2 __ 




2.87 

4.34 

19 






2.83 

4.14 

21 


P 

^2 

F 

W/o 

10,000 

2.81 

4.14 

22 

5.324 

f, 




2.95 

4.32 

18 


4, 




2,96 

4.32 

18 



loto: Ap Agj Bgl etc. are large toroids 

a^, ag? b^, bg; etc. are small toroids. 


43 


Table 4 


Densif icat ion of Ni-^in ferrites of different compositions 
sintered at 1250°C for 5 lirs 


Sample 

JBatch \% 

Ti02 with 

Pressure 

[Green 

Sintered 

t 

[Porosity [The ore- 

no. 

r 

r 

;re 

spect to 

applied 

1 density 

density 

(%) 

[ t ic al 


f 

! 

!Ni 

0.3^’^0.7 

(p. 

s.i. ) 

[gm/cc 

gm/cc 

[ density,/" 


! 

t 

J 

!Pe 

_t 

2^4 

L_._ 


t 

! 

! 

J _ 



[gm/cc 

! 

G, 






2.69 

4.12 

23 


Go 
/ . 

G 


0 % 

10 

,000 

2.67 

4.15 

23 

r- ’-7 r-j r-- 

9 0/ { 

S 'I 






2.78 

4.18 

22 

§2 






2.78 

4.19 

22 


>=i 






2.66 ' 

4.20 

22 



H 


0.5^. 

10 

,000 

2.65 

4.21 

22 

5.374 







2.83 

4.29 

21 


hg 






2.86 

4.30 

21 








2.71 

4.11 

23 


T 

X 

I 



10 

,000 

2.71 

4.10 

23 

5.371 

i^ 






2-83 

4.24 

21 


^2 






2.85 

4.25 

21 


Jl 






2.67 

3.81 

29 


^2 

J 


2 % 

10 

,000 

2.65 

3.79 

29 

5.365 

jl 






2.90 

4.13 

23 








2.88 

4.13 

23 








2.79 

3.77 

29 


K., 

K 


5'/. 

10, 

,000 

2.78 

3.79 

29 

5.351 






2.87 

3.99 

25 


^2 






2.88 

3.96 

25 








2.76 

4.11 

23 


^2 

L 


10% 

105 

,000 

2.77 

4.10 

23 

5.324 

ll 





2.83 

4.27 

20 


^2 






2.83 

4.27 

20 



Note; G^; , Hg? etc. are large toroids 

gp ggj II 2 ? etc. are small toroids. 
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Table 5 

Grain size of different compositions of Ni-Zn ferrite 
sintered at 1250°C for 20 hrs 


Sample 
no . 

f I 

\% TiOg with I 
Irospect to ! 

P 4 . 3 " 4.7 ; 

i^4°4 i 

J I 

Composition 

Average 
grain 
size 
(micron ) 


o 

^^ 0 . 3 ^^ 0 . 7 ^® 2^4 

4 

4 

0.5% 

^^0 . 3^”’0 . 7 ^® 1 . 96 . 01 5°4 

4 


^% 

^^ 0 . 3 ^’^ 0 . 7 ^® 1 . 97 l '^^ 0 . 029^4 

4 

4 

2% 

^^ 0 . 3 ^’^ 0 . 7 ^® 1 . 940 ^^ 0 . 060^4 

5 

'■'1 

5% 

NiQ^jZnQ^yFe-i 

5 


10^ 

^^ 0 . 3 ^^ 0 . 7 ^® 1 . 720 ^^ 0 . 298^4 

1 1 
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Table 8 

of real and imaginary parts of initial permeability |j,' and p," and 
ing parallel connection methods for toroids of C batcra 
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Table 9 

■emeat of real and imaginary parts of initial permeability p, ' and \i" and 
or using parallel connection methods for toroids of D batch 
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Table 12 

easurement of x-eal and imaginary parts of initial permeability n,' and 
“factor using parallel connection methods for toroids of G baton 
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Table i 

Measupment of real and iniasinary parts of initial permeability u ' and 
4-factor using parallel connuction methods for toroids of I baton 
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Table 16 

Heasurement of real and imaginary parts of initial permeabilitv u' and u" and 
Q-factor using parallel connection methods for toroids of K batch ^ 
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Table 18 

The saturation, magnetization of Ni-Zn ferrites of 
different compositions 


r 

Batch 1 

r 

t 

t 

t 

f 

f 

C omposition 

f f 

t t 

! O' I 

gauss crtP/gm', 

f f 

r \ 

. - 1 t 

4^ M 

s 

gauss 


^^0.3^^0.7^®2®4 

38.14 

2096 

B 

^^0.3^^0.7^®1 .985^^0.015^4 

36.32 

2020 

C 

^^0. 3^’^0. 7^® 1 .971^^0.029^4 

37.41 

2066 

D 

^^O.3^^0.7^®1 .940^^0.060^4 

34.75 

1 909 

E 

^^0.3^’^0.7^®1 .850^^0.150^4 

37.95 

2071 

B 

^^^0.3^’^0.7^®1 .702^^0.298^^4 

37.96 

2061 




» 
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Table 19 

Proposed positions of different ions in different sites 
in varying composition of Ui-Zn ferrite 


Batch 


C omposition 


^’^0?700^®0^300 00^® 1^700^ 


T! 7n'*'^ r Pp"^^ Pp”*”^ Ti'*''^ 1 0 

^^^0.700-^^^0.300 ^0.300-^®1 .670 ®0.015 0.015 4 


[Mip^ xHo^® niR4--s-'^^n ooq] 


n Pp"^^ Pp"^^ Pp"*"^ Pp"*"^ Ti"*”^ 1 0 

^ '^^0.700-^®0.300^®0.0l4~x ^ ^0.300^®1 .642^®0. 01 5+x 0.029-* 4 


■'■2 -^+3 TP -t-2 Pp’*’^ Pe"^^ Ti"'"'^ 1 0 

0. 700^^0. 300^^0. 045 “X '- ^0.300^ ® 1.580^ ®0. 01 5-f-x 0.060 ^ ^4 


E Zn 


■^2 pe"^^ Pe"*"^ r Bi”''^ Pe"^^ Pe”*"^ Ti'*'^ 1 0 

0. 700^®0. 300^^0. 135-x ^0,300-^ ® 1.400^ ®0. 01 5-+-X 0.1 5C^ ^4 


P Zn; 




0.700 0.300 °0.283-x '■ -^0.300 . 104 0.01 5+x O, 


liote: l) Ions at the left side of the bracket are in tetrahedral 

position. Ions within the bracket are in octahedral 
position. 

2) 0 ^ X ^0.014, details regarding x have been discussed 

in text. 
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Table 20 

Chart explaining the variation of saturation magnetization 
in different: compositions of Ni-Zn ferrite 

(Assuming x* = O) 


I f 


m t 

- T?** IBohr magneton*** 
^atcn,j^ - ^ ’per molecule in 

! 

% decrease in R 
with respect to 
batch material A 

% decrease in B,, 
with respect to" 
batch material I 

A 

6.66 


7.60 

- 

- 

B 

6.62 


7.51 

0.60 

1 .18 

C 

6.23 


7.31 

6.46 

3.82 

B 

5.49 


6 .88 

17.57 

9.47 

E 

3.94 


5.62 

40.84 

26.05 

E 

2.43 


4.45 

63.51 

41 .45 

■x- 

for X see 

Table 

19 and text. 




= No. of magnetic ions in octahedral sites 
Ng = No. of magnetic ions in tetrahedral sites. 

has been calculated assuming straight line approximation 
which is not true for all values of R, but it will give an 
idea regarding the actual Bohr magneton relatively. 



Table 21 


Chart explaining the -variation of saturation magnetization 
in different compositions of Fi-Zn ferrite 

(Assuming x* = 0.014) 


Batch 

! r » t 

pi _ IBohr magneton**-^ \% decrease in R \fo decrease in 

JNp “ Iper molecule in Bj^Jwith respect to [with respect to 

I { ^ {batch material A [batch material A 

t f 1 » 

.r I 1 

A 

6.66 

7.60 . 

- 

- 

B 

6.62 

7.51 

0.60 

1 . 18 

C 

6.57 

7.43 

1 .35 

2.24 

B 

5.77 

6.99 

13.50 

8.03 

E 

4.11 

5.73 

38.28 

24.61 

E 

2.52 

3 . 66 

62.16 

51 .84 


* Por X see Table 19 and text. 

X-* = No. of magnetic ions in octahedral sites 

N 2 = No. of magnetic ions in tetrahedral sites. 

has been calculated assuming straight line approximation 
•which is not true for all values of R, but it will give an 
idea regarding the actual Bohr magneton relatively. 



A - Tetrahedral position 
B - Octahedral position 

Fig.l-The crystal structure of spinel AB2O4 




Frequency , Mc/s 


Fig. 2-Schemetic diagram for the frequency 
dependence of the real and imaginary 
parts of the initial permeability /J/' and 
pi' respectively, for Ni - Zn ferrite. 









ig. 5 -Circuit for measuring initial permeability and 
Q- factor of the sintered toroids. 
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Fig. 6 Plots of density and lattice parameter for 

Ti-doped Mi-Zn-f errite 
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Fig. 3 Plots of density and lattice parameter for 




Pig. 8(vi) 

8- Photomicrographs of sintered ferrites with varying 
percentage of Ti"^^ (unetched) 


3 (tv) Sintered at 1250°C for 20 hrs, 2% TiO^ 

8(v) Sintered at 1250^0 for 20 hrs, 5fo TiOg 

8(vi) Sintered at 1250°C for 20 hrs, lO^o TiO, 




o'(e)/o'(t) 




g . 11 Plot of the ratio of the experimental 


magnetio moment to the theoretical value 
G'(E)/cr'(T) for Ni=Zn“f errite versus 
Fe_/(Fe, + xe_), the numbers of Fe in 3 

O' A ■ B 

sites to the total Fe 






CumilativG per tage below size 





F requency , Mc/s 

dependence of the reel ond imoginary parts of the 
eability u! and ^"respectively of different composiiios 
p.rrde sintered at IZBO'^C for 20 hours. _ . , , 




Frequency , Mc/s 

Frequency dependence of the real and imaginary parts of the initial . 
permeability and ^"respectively of different compositions of Ni~Zn 

ferrde Sintered ot 1250®C for 5 hours, ' , " 




ferrite sintered at 1250°C for 20 hours. 


in u) in 
\ \ 
^ u u 

{j w ^ "sr 
o (jj rsi 

o o 

m oo ^ oo 


O • <1 ◄ 


c 

c^ 

"<T U 


ferrite sintered at 1250°C for 5 hours. 




NiQ 3 Zno. 7 {"S 2*^4 Increasing Ti02 composition ► ^’o.3^’^o.7^®i. 720^*0.298^ 

(Composition A) (Composition F) 

0 Vo Ti02 3 10 Vo Ti02 

Fig. 15 - Saturation magnetization in gauss cm /gm of ferrites of different compositions. 



Fig. 16- M-H curve of Nio, 3 Zno 7 Fe 204 sintered at 1250°C for 20 hours. 
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APPENDIX I 

DERIVATION OP POEITQLAE USED IN Q-METEE MEASUREMENTS^^ 

Q-meter is an exceedingly useful instrument for measuring 
the characteristics of coils and capacitors at radio frequencies. 
Derivation of the formulae used in Q-meter measurements are given 
below. 


Series Connection 


If the circuit is resonated at a value C^, with a Q-reading 
of before introducing the unknown, then 


1 



wD 


(1-1) 


where 1 = Inductance 

w = Stef, where f = frequency 
= Capacitance 

and 

0 _ wl; - _L_ 

^1 - R ~ 'wC^E 


( 1 - 2 ) 


where R = Resistance. 

If an unknown with series components X (Inductive or Capacitive 

o 

reactance) and E„ is introduced in series, the new readings are 

O 

C 2 and Qgj then 


X 


s 



_1 1 _ 

wCs ~ wC.| 


- wl 



or 


R. 


G 
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wC^Cg 


X. 

C 


(Inductive if 
Capacitive if 4 C^) 

A » 


Q. 


WC2Q2 


wC^Q^ 


° 1°1 - ^ 2^2 


(1-3) 


where 


X^ = Reactance without the material 
X^ = Reactance of material and system. 


Therefore 


Q, 


x 


X 

_j 

R 


(C - C )Q Q 


(1-4) 


where Q = Q of the unknown. 

•A. 


Parallel Connection 


The characteristics of an unknown connected in parallel 
are expressed most simply in terms of parallel X^ and R^. After 
the preliminary balance, as before, the addition of X^ requires 
an increase in tuning capacitance (if X is inductive) to a new 
value C^, which may be regarded practically as C^ resonating 1 as 
in the preliminary balance, and (C^ " *^-]) resonating the unknown 


X 


P’ 


or 


X 


w(C2 - 


(1-5) 
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wC. 
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Q. 


t.2 2t2 

R + w Ii 


Again 



(Replacing 
Using = 


wC 


1 1 


Qo R ■ 


1 + 


R^ 


wC 


1 


1 


'^2 RQ^ 

1 + by Q^, since » 1). 


Q,Q2 


wC^R » set, Rp - wC^(Q^ - Q^) 


( 1 - 6 ) 
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5i (Cs-opQyg 

X 




Therefore 


(1-7) 
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appendix II 

ERRORS AlPD THEIR ELIMINATION IN Q-IffiDTER MEASUREMENTS 

The apparently simple Q-meter measurement requires some 
discussions. There are many types of errors which should be consi- 
dered to avoid peculiar results. We did following types of experi- 
ments and got different conclusions from them. 

(1) Say we have wound the toroid with N turns and we have got 

Cg, Q2 (see Appendix I for meaning of G^, Qg)* can get 

effectively same N number of turns by taking two different 
wires and giving N number of turns by each wire in two 
different directions (that is one is clockwise and another 
anticlockwise) and connecting them at the two terminals. At 
this 0^ in the second case is increased by 0.9% approximately 
and Q2 in the 2nd case increased by 3 •!%> approximately when 
the measurement was done at 1 megacycle/sec frequency, using 
9 turns for small toroid. Increase in 0^ in the second case 
is due to cancellation of some stray capacitance due to 
winding in two parts. Decrease in Q2 is due to use of more 
wire, so resistance loss etc. decreased Q value. 

(2) We used N number of turns by giving winding with double turns 

i.e. we used N/2 windings with double wire. In this case 
there was no change ^2 ^2 

CO By taking two wires of same length and giving same number of 

turns in same direction (i.e. either clockwise or anticlockv7iso 
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winding) one should expect cancellation of 1. But we got 
some value, which indicates that there are some stray 
capacitance. The value of stray capacitance depends on typo 
of material, size and shape of the toroid, type of winding 
etc . 

(4) Use of too long wire is to be avoided as it has inductance 
and/or capacitance effect, otherwise it will introduce errors 
in measurements. As for example at 750 Kcycle use of 1” long 
wire (56 gauge insulated copper wire) decreased value to 
2.2% approximately and Q value decreased to 5.3% approximately. 
In this case first the standard coil was directly connected 
with the Q-meter. In the second case standard coil was 
connected with Q-meter by 1" long wire. 

(5) We used another thick wire to compare the effects of thin 
wire and thick ?/ire. Bor the case of thick wire and Qg 
value both decreased. The decrease in C 2 is due to extra 
capacitance or inductance effect due to thickness. Due to 
more thickness, the eddy current loss is greater, so Q value 
also decreased. The percentage decrease in and Q 2 is 
dependent on thickness of the wire, frequency of measurement, 
length of wire etc. 

( 6 ) We cannot use direct measurement without using standard coil. 
Then wo will got circuit Q, it is very difficult to distin- 
guish it from material Q. Circuit Q will vary with number of 
turns and other factors, but material Q is constant at 
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constant frequency. So we have to use either series or 
parallel connection method. 

(7) The main point is to choose standard coil of proper inductance 
value and proper number of turns and proper size of the toroid 
so that inductance of standard coil does not differ from that 
of the toroid by many orders of magnitude. Otherv/iso induc- 
tance of one will control the final result. As for example 
at 50 Kcycles/suc frequency we measured the value of and Qh, 
of small toroid using 10 number of turns. Inductance of 
standard coil used was of the order of millihenry, whereas 
assumed inductance of the toroid at 10 number of turns was of 
the order of microhenry. Wo measured O 2 and Q 2 of a toroid 
of same size, made of plastic under same conditions. Surpri- 
singly we got same value of O 2 and Q 2 for plastic and ferrite, 
as if ferrite and plastic arc of same permeability. The 
reason is that duo to vast difference of inductance of the 
standard coil and toroid ,Q-meter was unable to distinguish 
between plastic and ferrite. 

So in our measurements we changed number of turns vifith 
change of frequency (consequently with change of inductance 
of the standard coil) and we also used small toroids and largo 
toroids accordingly and to increase the C 2 range we used baric 
of capacitors. 
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o 

(8) We plotted 1 vs. N curve (L = Inductance). According to 
equation (2.3 )s it should be straight line and it will pass 
through origin. At lov/er frequencies we got straight line, 
at higher frequencies the matching was not good, there we 
used straight line approximation. But both in lower frequ- 
encies and higher frequencies the straight line did not pass 
through origin indicating presence of stray capacitance or 
inductance. So we used slope method to calculate p' and 
hence we used the formula (2.4) that is 

(1^ - = Constant x p ' x (B^ - to calculate p'. 

(U^ and ^2 


are number of turns ) . 



Date 


S 


A 5S«** 



(hS- (S'?® - - CFF 



